A plant pathogenic actinomycete identified as Streptomyces lydicus was isolated from the deep-pitted scab lesions of potato tubers. This strain produces a new polypeptide antibiotic named chandramycin. The antibiotic was isolated from culture broth by extraction with organic solvents and purified by chromatography. The purified antibiotic is a light-yellow crystalline compound soluble in water and in most organic solvents. Amino acid analysis of the acid hydrolysates of chandramycin revealed the presence of glycine, cis-methyl proline, valine, P,D-dimethylaminobutyric acid, ,-methyl-phenylalanine, and j3-2-thioazolyl-,-alanine. The amino acid composition of chandramycin is qualitatively similar to that of a known antibiotic, bottromycin A2. Chandramycin showed activity against several gram-positive and a few gram-negative species of bacteria. It showed a strong activity against anaerobic microorganisms. Oral doses of antibiotic when administered up to 466 mg/kg of body weight failed to produce any observable toxic effect in mice.
In this work we describe the discovery of an antibiotic (chandramycin) from Streptomyces lydicus. The antibioticproducing organism was isolated from deep-pitted scab lesions of potato tubers grown in the state of Washington. The deep-pitted scab disease of potatoes first appeared in the state of Washington in 1970 and has caused several thousand acres of expensive land to go out of potato production. The studies conducted in our laboratory revealed that the deeppitted scab disease may be caused by several species of Streptomyces (M. J. Adang, J. G. Archuleta, and S. Gurusiddaiah, Abstr. Annu. Meet. Am. Soc. Microbiol. 1979, RT15, p. 381). One of the most frequently isolated species of Streptomyces from the disease lesions is Streptomyces lydicus. All Streptomyces isolates from scab lesions produced antibiotics when grown in a sterile medium containing the homogenized potato tubers. This paper deals with the isolation and characterization of S. lydicus fromn diseased scab lesions and with the production, purification, and characterization of a new antibiotic produced by it.
MATERIALS AND METHODS
Isolation of S. lydicus from scab lesions. The affected tubers (Saco potato variety) were washed for 30 min with tap water and briefly rinsed with sterile distilled water. The corky necrotic tissue within the lesions was removed with a sterile scalpel. Ethanol (95%) was added and set aflame to disinfect the lesion area. The excised lesion was then placed in a sterile mortar. Several drops of sterile saline (0.85% NaCl) were added and the tissue was triturated. Several dilutions were made, and the tissue was spread on a modified tyrosine-caseinate-nitrate agar (3) selective for actinomycetes and incubated at room temperature for 4 to 5 days. Tyrosinecaseinate-nitrate agar consists of the following: sodium caseinate, 6 .25 g; sodium nitrate, 10 g; L-tyrosine, 1 g; agar, 20 g, added to 1 liter of distilled water.
Colonies were examined at low power under a light microscope for growth typical of Streptomyces species. The individual colonies after isolation were further subcultured on potato dextrose agar (PDA; Difco Laboratories) plates.
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Maintenance of stock cultures of S. lydicus. Chandramycinproducing organisms can be maintained on PDA slants or plates or both. To minimize the variability of S. lydicus, the stock culture can best be maintained by inoculating sterile soil with a physiological saline suspension at room temperature. After 2 to 3 weeks of growth, the soil culture can be stored at 4 to 5°C for at least 3 to 4 months without loss of viability.
Taxonomic and morphological characterization of the donor organism. The Streptomyces isolate from the deep-pitted scab lesion was characterized primarily by the methods developed by collaborators of the International Streptomyces Project for the identification of Streptomyces (8) (9) (10) (11) (12) . Identification was made by using Nonomura's classification key (5) and Bergey's Manual ofDeterminative Bacteriology (1). The color of mature aerial mycelia was observed on PDA, tyrosine-casein-nitrate agar, and plate count agar. Color standards and color nomenclature were used to describe the colony color. The production of melanoid pigments was examined on peptone-iron agar, tyrosine agar, and tryptone-yeast extract broth. Carbon utilization by the organism was studied on Pridham and Gottlieb's basal agar with various carbon sources added (6) .
Spore chain morphology and spore wall ornamentation were determined with a scanning electron microscope. For this study the organism was cultured on PDA and incubated for 7 to 10 days or until the sporulation was extensive. A 5-mm square was cut from a colony, and excess agar was trimmed off the back side to keep shrinkage to a minimum. The square was fixed with osmium tetroxide (Os04) fumes for 2 h and then allowed to dry for approximately 4 days. The specimen was then critical-point dried in C02, coated with gold, and observed at 20 kV with an ETEC Autoscan.
Pathogenicity tests. (i) Potato tubers in the greenhouse. Potato plants of the Kenebec variety were grown in 15-cm clay pots in a micapeat-perlite mnixture (3:1) . For inoculation, the Streptomyces isolate originally from deep-pitted scab lesions was subcultured in a vermiculite-modified Richard solution (2) mixture and incubated at room temperature in a greenhouse. This seed culture was placed directly around the small tubers in the clay pots.
(ii) Sugar beet seedlings in laboratory cultures. Sugar beet seeds were surface sterilized with 5.25% sodium hypochlorite, rinsed in a large volume of sterile tap water, and placed on Czapek agar in a 50-ml Erlenmeyer flask. The seeds were inoculated with Streptomyces isolate colonies from PDA plates. The seeds were incubated at room temperature with alternate light and dark periods of 12 h each.
(iii) Brown ring of growth on the surface of milk. Homogenized milk was boiled for 5 to 10 min and allowed to cool, and the top layer of fat was removed. Samples of 4 to 5 ml of the boiled milk were autoclaved in screw-capped test tubes for 20 min. The organism was inoculated into the milk and was allowed to grow at room temperature (21 to 23°C) for 2 weeks.
Culture conditions for production of antibiotic. PDA plates were isolation streaked from the soil cultures and incubated at room temperature for 7 days. Individual colonies were used to inoculate sterile potato dextrose broth, pH 5.8 to 6.2. This medium was prepared by homogenizing 70 g of potato in 500 ml of tap water to which 20 g of commercial corn sugar (glucose) and 8 ml each of macro-and micronutrient (2) solutions were added. The volume was adjusted to 1 liter. Samples (500 ml) containing the potato dextrose broth in 1-liter Erlenmeyer flasks were autoclaved at 15 lb/in2 for 40 to 50 min. The inoculated flasks were incubated at 25 to 27°C on a Gyrotory shaker (New Brunswick Scientific Co.) at 250 rpm for 5 to 6 days. These seed cultures were used to inoculate 11 liters of potato dextrose broth in an aerobic fermentation culture jar. The aerobic culture was aerated at 2 liters of sterile air per min and agitated at 320 rpm. In the culture broth the maximum antibiotic activity was reached after 7 to 9 days.
Antimicrobial assays. Routinely, the antimicrobial activities in the culture broth, as well as that extracted from the culture by organic solvents, were determined by the paper disk agar diffusion bioassay method on Bacillus subtilis and Pseudomonas nigrifaciens. The MICs of chandramycin on several species of bacteria were determined by using the agar diffusion method. Mammalian toxicity in mice was determined after administering the antibiotic by oral doses and also by intraperitonial injections.
Isolation and purification of the antibiotic from aerobic cultures. After 7 to 9 days of growth the whole culture was extracted overnight with 3 liters of ethyl acetate. The ethyl acetate phase was evaporated under reduced pressure, and the residue was extracted with acetone. After filtration the acetone extract was dried, dissolved in a small quantity of methylene chloride, and chromatographed on a silica gel column (16 by 2.5 cm; silica gel 80). The column was washed with 1 liter each of methylene chloride and methylene chloride-acetone (9:1) to remove inactive pigments. The active compound methylene chloride and some pigmented impurities were eluted with acetone, and this fraction was concentrated and rechromatographed by using preparative thin-layer chromatography (precoated thin-layer chromatographic plates; silica gel PF-254; acetone-ethyl acetate, 1:1). The UV-quenching band (Rf 0.16) was extracted with acetone to yield pure chandramycin.
Homogeneity tests. Homogeneity of the antibiotic was determined by silica gel thin-layer chromatography (precoated glass plate; silica gel Si250F, 250 ixm; hard-surfaced analytical layer; obtained from J. T. Baker Chemical Co.) with several solvent systems ( Table 1 ). The chromatograms were visualized first under UV light and then were sprayed with Libermann reagent (concentrated H2SO4-ethanol, 11:9 vol/vol) for the development of visible spots. The antibiotic was also analyzed by the high-pressure liquid chromatogra- phy on a reverse-phase column (Aquapore RP 300, 10 p.m;
C18 with Spectraphysics SP 8000 liquid chromatograph) with acetonitrile and trifluoroacetic acid (0.1% trifluoroacetic acid in water) as eluting solvents. The column effluents were monitored at 256 nm with a constant flow rate of 2 ml/min. Spectroscopy of chandramycin. UV and visible spectra of the antibiotic were measured in spectroscopic-grade methanol with a Gilford 2600 spectrophotometer. Infrared spectra of the antibiotic were obtained in CHCl3 (0.1-mm cell) with a Beckman Acculab 1 infrared spectrophotometer. Proton magnetic resonance was recorded on a JOEL FX90Q FT nuclear magnetic resonance spectrometer in deuterated chloroform. Mass spectral data were obtained by the Midwest Center for Mass Spectrometry, University of Nebraska, Lincoln, supported by the National Science Foundation Regional Instrumentation Facilities Program. Also, the molecular ion (M+) of the antibiotic was determined on a VG7070EH mass spectrometer by FAB, using a gycerol solution of the compound.
Amino acid analysis. The antibiotic (1 mg) was hydrolyzed in 6 N HCl at 110°C for 24 h in a sealed evacuated ampoule. After the acid was removed, the residue was dissolved in lithium-citrate buffer (pH 2.2) and analyzed for amino acid composition with a Beckman 121 MB amino acid analyzer. An authentic sample of bottromycin A2, provided by N. Tanaka (University of Tokyo, Tokyo, Japan), was hydrolyzed and analyzed for amino acid composition for direct comparison with chandramycin.
RESULTS
Morphological and physiological characteristics of S. lydicus. The S. lydicus can be grown readily on PDA, oatmeal agar, cornmeal agar, actinomyces agar, and other microbiological media which are commonly used to grow actinomycetes. The color of the mature aerial mycelial mass after 8 to 10 days of growth on these media is usually pale neutral gray. The reverse side of the colony is light yellow, and the organism does not produce melanoid pigments on peptoneiron agar or tyrosine-nitrate agar. However, when grown in liquid culture containing potato homogenate, it produces a light-yellow pigment.
Light and electron microscopic studies indicated that the mycelia are coenocytic, sparingly branched (Fig. 1) , and gram positive. The scanning electron micrographs reveal that the spores are formed on sporophores which are anticlockwise open spirals. The individual spore is cylindrical, gray, and smooth walled (Fig. 1) .
When the ability to utilize various carbon sources was studied on Pridham and Gottlieb's basal agar amended with lydicus produced a brown ring of growth on the surface of milk after 8 to 10 days of incubation at room temperature. It has been well established that those Streptomyces isolates that produce a dark-brown ring of surface growth on milk are also known to produce typical lesions of scab on potato tubers (13) . The results of the three tests suggest that the Streptomyces isolate from scab lesion is one of the causative agents of deep-pitted scab lesions of potatoes.
The morphological and physiological characteristics of this organism are summarized in Table 2 Chandramycin in spectral-grade methanol exhib end absorption in the lower region of the UV s There was no maxima in the entire region of the 22 nm UV spectrum. Also, no absorption maxima wi in the region of the visible spectrum.
The infrared spectrum of chandramycin in CHC sented in Fig. 3 The proton magnetic resonance spectrum of chandramycin (Fig. 4) in deuterated chloroform did not furnish any easily exchangeable protons, which suggests the absence of carboxylic, alcoholic, or phenolic protons in the molecule. A sharp singlet at 83.60 may be attributed to a methoxy group (OCH3) and another singlet at 87.31 may be assigned to aromatic protons. Several peaks which can be assigned to methyl groups appeared between 80.75 and 81.30.
The mass fragmentation patterns of chandramycin by electron impact mode are presented in Fig. 5 . Although this method failed to furnish a molecular ion peak, it consistently produced prominent fragments at mle 475 (4.65%), 460 ,~-(7.55%), 419 (76.07%), 334 methyl proline, P,P-dimethylaminobutyric acid, ,-methylphenylalanine, valine, and P-2-thiazolyl-p-alanine ( Fig. 6 ; Table 3 ). On the 121 MB amino acid analyzer with the d by the lithium-citrate physiological buffer system the amino acids antibiotic are eluted from the ion-exchange resin column in the followmin as a ing order: proline, glycine, cis-3-methyl proline, valine, P,B-,etonitrile dimethylaminobutyric acid, P-methyl-phenylalanine, and ,B-)nent was 2-thiazolyl-p-alanine (Fig. 6) . A small amount of amino acid is also eluted very close to aspartic acid in this system and is its strong presumably formed from P-2-thiazolyl-p-alanine during the ;pectrum. hydrochloric acid hydrolysis of the antibiotic. '0-to 370-A group of polypeptide antibiotics named bottromycins, ere found especially bottromycin A2, have a similar amino acid composition (4, 7). The amino acid composition of authentic t13 is pre-bottromycin A2 is also presented in Table 3 , and the molar bsorption ratios of the amino acids released in the acid hydrolysate are (aromat-in agreement with the previously published amino acid ',875, and composition of this antibiotic (4) . With reference to Table 3 presented in Table 4 . Chandramycin is active on several gram-positive and a few gram-negative species of bacteria, bacteroides, and actinomycetes ( 10- the pure culture of S. lydicus and subsequent development of deep-pitted scab lesions in tubers under controlled conditions, and the reisolation of S. lydicus from scab lesions all indicate that this organism may be one of the causal agents of this disease.
Several species of Streptomyces other than S. lydicus were also isolated from deep-pitted scab lesions, and all Streptomyces isolates from the lesions produced antibiotics. Some of these antibiotics are polypeptides (chandramycin) and depsipeptides (valinomycin), others are anthracyclines (sacajamycin; S. Gurusiddaiah and W. Buchholz, unpublished data) which are similar to the antibiotics doxorubicin and daunorubicin, and others are as yet unidentified antibiotics. It is interesting to study the role of these antibiotics in the virulence of the pathogen, possible predisposition of the host, and the development of deep-pitted scab disease in potato tubers.
The antibiotic (chandramycin) produced by S. lydicus is similar to the bottromycin family of antibiotics, especially since the amino acid composition of chandramycin is qualitatively similar to that of bottromycinn A2. Although both antibiotics showed the presence of the same amino acids in their molecules, the molar ratios of some amino acids, specifically that of valine, are different (see Table 3 ). The other difference observed was the absence of some major absorption bands in the infrared spectra of bottromycin A2 (especially at 1,635 and 1,685 cm-1) in the spectrum of (Fig. 3) , and there was a marked difference in both spectra in their fingerprinting regions (Fig. 3) . In addition to these differences we have observed significant differences in their chromatographic mobility (Table 1) , molecular weight (bottromycin A2, M+ 822; chandramycin, M+ 858), mass fragmentation patterns, elemental composition, solubility, and antimicrobial properties (bottromycin exhibits higher activity towards gram-negative microorganisms than does chandramycin). All of these differences indicate that these two antibiotics, although having some similar properties, are actually two different compounds produced by two different species of Streptomyces. 
